Telomeres are repeating regions of DNA that cap chromosomes. They shorten over the mammalian life span, especially in the presence of oxidative stress and inflammation. Telomeres may play a direct role in cell senescence, serving as markers of premature vascular aging. Leukocyte telomere length (LTL) may be associated with premature vascular brain injury and cerebral atrophy. However, reports have been inconsistent, especially among minority populations with a heavy burden of illness related to vascular aging. We examined associations between LTL and magnetic resonance imaging in 363 American Indians aged 64-93 years from the Strong Heart Study (1989)(1990)(1991) and its ancillary study, Cerebrovascular Disease and Its Consequences in American Indians (2010)(2011)(2012)(2013). Our results showed significant associations of LTL with ventricular enlargement and the presence of white matter hyperintensities. Secondary models indicated that renal function may mediate these associations, although small case numbers limited inference. Hypertension and diabetes showed little evidence of effect modification. Results were most extreme among participants who evinced the largest decline in LTL. Although this study was limited to cross-sectional comparisons, it represents (to our knowledge) the first consideration of associations between telomere length and brain aging in American Indians. Findings suggest a relationship between vascular aging by cell senescence and severity of brain disease.
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Telomeres are DNA regions comprising thousands of TTAGGG repeats that protect the ends of mammalian chromosomes from shortening during mitotic cell replication (1) . Telomere shortening reflects the inability of replication enzymes to copy lagging ends of DNA strands, as well as the presence of arbitrary DNA damage from oxidative stress and inflammation (2) . Such attrition eventually triggers cell senescence, a state in which the cell can no longer replicate and ultimately dies (1) . Therefore, measures of leukocyte telomere length (LTL) reflect the accumulated cellular impact of stress and inflammation. Shorter LTL and more rapid LTL loss independently predict cardiovascular disease morbidity and mortality, as well as incident diabetes (3) (4) (5) (6) (7) . Data from the Cardiovascular Health Study suggest that a difference of approximately 1,000 base pairs in LTL is associated with a 3-fold increase in risk of myocardial infarction, even after accounting for conventional risk factors (8) .
Attrition of LTL may also be associated with increased risk of vascular brain injury (VBI). Studies examining LTL in relation to overt VBI, such as stroke, have produced inconsistent results (2, 5, (8) (9) (10) (11) (12) . One study with 100 Europeans identified a potential association between shorter LTL and measures of cortical atrophy and white matter hyperintensities (WMH), although statistical power and generalizability were limited (13) . A larger study with white, black, and Hispanic participants demonstrated that LTL was associated with brain and hippocampal volumes, including white matter volume, with shorter telomeres corresponding to smaller volumes (14) . Other studies have established associations between telomere attrition and dementia (15) , Alzheimer disease (16, 17) , Parkinson disease (18) , Huntington disease (15) , adult glioma (19) , diabetes (20) , arterial stiffness (21) , and cardiovascular disease (6, 7, 22) . However, no prior study has examined the association of LTL attrition with subclinical VBI in a minority population with a high incidence of cerebrovascular disease; nor has any research with a health disparities population assessed a wide range of findings from cranial magnetic resonance imaging (MRI)-including WMH, white matter grade, infarcts, hemorrhages, sulcal widening, ventricle enlargement, overall brain volume, and hippocampal volume.
American Indians experience a particularly high incidence and prevalence of diseases related to vascular aging, such as coronary heart disease, stroke, hypertension, and diabetes (23) (24) (25) . Examining LTL in relation to a range of measures of covert, imaging-defined VBI in this population might therefore offer more sensitive etiological insights than existing studies. In addition, given the possibility that many cerebral morbidities related to telomere attrition might share a similar biological mechanism, studies of the factors associated with degenerative and vascular brain abnormalities could elucidate important mechanistic pathologies. The results of such work could inform future preventive or therapeutic research among American Indians and other health disparities populations with similar exposure patterns. Therefore, we conducted a cross-sectional study to investigate whether VBI and cerebral atrophy, as measured by cranial MRI, were associated with shorter LTL in a community sample of American Indians.
METHODS

Setting
The Strong Heart Study assembled the largest populationbased cohort of elderly American Indians ever recruited, with 4,549 study participants enrolled between 1989 and 1991 (26) . Participants were 45-74 years of age at enrollment and represented 13 tribal communities across 3 major geographic regions, including the Northern Plains, Southern Plains, and Southwest. In follow-up efforts, several waves of longitudinal data were collected over the next 2 decades. The Cerebrovascular Disease and Its Consequences in American Indians (CDCAI) Study, also known as the Strong Heart Stroke Study, was a follow-up examination of survivors from the original cohort conducted between 2010 and 2013. It involved the administration of cranial MRI and assessments of cognitive function (27) . Details on methods used in the Strong Heart Study (26) and the CDCAI Study (27) , including informed consent procedures and MRI examinations (28) , have been previously published.
Selection
Eligibility criteria for the present study included 1) availability of LTL data from the Strong Heart Study and 2) availability of MRI data from the CDCAI Study. Thus, our cross-sectional sample included 465 eligible cohort survivors. Participants who reported prior stroke (n = 33) or heart disease (including heart attack and heart surgery; n = 70) at the CDCAI visit were excluded from analyses. This resulted in an analytical sample of 363 persons (1 excluded participant reported both stroke and heart disease).
Data collection
LTL was measured by quantitative polymerase chain reaction from blood samples collected at the baseline visit of the Strong Heart Study (1989-1991) (29) . In brief, LTL was assessed as the ratio of telomeric products (T) to single-copy genes (S), yielding the T/S ratio. The rationale behind use of this method is that longer telomeres generate more product in a polymerase chain reaction that uses primers specific to telomeric DNA. The quantitative polymerase chain reaction intraassay coefficient of variation was 4.5% and the interassay coefficient of variation was 6.9%, indicating very good assay performance. Values of LTL greater than 3 standard deviations above the mean (n = 6) were considered technical artifacts; however, participants with these LTL values were already excluded from the analytical sample. Therefore, the final analytical sample comprised 363 persons, and continuous LTL (T/S ratio) was used in all inferential analyses.
VBI and brain atrophy were defined on the basis of cranial MRI data (28) . Using standardized protocols, study neuroradiologists scored MRI scans for the presence and location of infarcts (including lacunar type) and hemorrhages; graded the degree of sulcal loss, ventricle enlargement, and WMH, each on a 10-point scale from 0 (best) to 9 (worst); and estimated softwareprocessed volumes of hippocampus, total WMH, and total brain mass, which were standardized as percentage of intracranial volume.
Age (in years), sex, and study site (Northern Plains, Southern Plains, or Southwest) were assessed at the baseline visit of the Strong Heart Study in 1989-1991. During the CDCAI visit in 2010-2013, additional data were collected on sociodemographic characteristics (years of education, annual family income, Native (tribal) language speaking capacity), health behaviors (tobacco smoking history, alcohol use patterns), and clinical factors. Education, income, Native (tribal) language speaking capacity, smoking, and alcohol use were reported on a self-administered questionnaire. All study variables and categories are defined in Table 1 .
Clinical factors were measured by study staff or by laboratory assay from blood and urine samples collected during the CDCAI visit. These included body mass index (weight (kg)/height (m) 2 ), C-reactive protein concentration (mg/L), low-density lipoprotein cholesterol concentration (mg/dL), systolic and diastolic blood pressure (mm Hg), fasting glucose concentration (mg/dL), and glomerular filtration rate (mL/minute), estimated by means of the 2012 Chronic Kidney Disease Epidemiology Collaboration equation (30, 31) . Clinical conditions (kidney disease, hypertension, hyperlipidemia, diabetes) are shown in Table 1 .
Analyses
We calculated summary statistics for LTL (T/S ratio) according to categories of selected participant characteristics as of the time of the CDCAI visit (n = 363). We calculated Spearman nonparametric coefficients (ρ) and P values for correlations between continuous LTL and continuous, graded, and binary MRI findings. We created box plots and scatterplots of continuous LTL in association with MRI findings, with horizontal axes chosen to maximize visual clarity.
We constructed multivariable regression models and examined exponentiated (β) coefficients to estimate measures of risk between LTL (exposure) and MRI findings (outcome) by using Poisson regression for graded variables with incidence rate ratios, logistic regression for binary variables with odds ratios, and linear regression for volumetric variables with risk ratios. All point estimates are reported with 95% confidence intervals. 
LTL was assessed as the T/S ratio (ratio of telomeric products (T) to single-copy genes (S)).
b Native (tribal) language speaking capacity was categorized according to responses on the questionnaire.
c Categories of alcohol use were based on self-reported recency of use and typical use, as follows: never drinker; former drinker, with last drink more than 1 year before; light drinker, with last drink more than 1 month before; and current drinker, with last drink within the past month.
d Weight (kg)/height (m)
2 . e Clinical hypertension was defined as systolic blood pressure/ diastolic blood pressure ≥130/90 mm Hg or use of antihypertensive medication.
f Clinical diabetes was defined as fasting glucose concentration ≥126 mg/dL or use of antidiabetic medication.
g Chronic kidney disease was based on clinical criteria: stage 1, eGFR ≥90 mL/minute; stage 2, eGFR 60-89 mL/minute; stage 3, eGFR 30-59 mL/minute; stage 4, eGFR 15-29 mL/minute; stage 5, eGFR <15 mL/minute (end-stage renal disease).
We conducted adjustments for regression models in series. Model 1 included age, sex, and study site. Model 2 added alcohol, smoking, C-reactive protein, and low-density lipoprotein cholesterol. Model 3 added education, income, and body mass index. We structured these adjustment schematics to first adjust for a priori confounders based on their established associations with both exposure and outcome (model 1, model 2). Additional hypothetical confounders, with an established association with exposure but an unclear association with outcome (or vice versa), were added in model 3 in order to empirically evaluate the influence of adding these factors to the primary models, to avoid overfitting and unnecessary loss of degrees of freedom. Model 4 added adjustment and interaction terms for hypertension, diabetes mellitus, or stage of chronic kidney disease (CKD).
The reasoning behind these structured adjustments was that age, sex, lipid levels, inflammation, alcohol use, and smoking are likely or known determinants of LTL, justifying their inclusion a priori as confounders. Education and income were also included a priori as proxy variables for socioeconomic status. Study site was included as well, based on possible site-specific differences in genetic control of LTL (32) . Clinical factors such as hypertension, diabetes, and kidney disease are either hypothetical mediators (e.g., downstream of the clinical effects of LTL attrition) or confounders (e.g., upstream of the clinical effects of both LTL attrition and VBI) of the primary associations of interest. Therefore, each clinical factor was examined separately using a term for interaction with the exposure of interest (LTL).
Secondary analyses stratified the models by study site because of significant age differences noted among participants across study sites. All statistical analyses were conducted with Stata, version 14 (StataCorp LP, College Station, Texas).
RESULTS
The study population was predominantly female and aged 70 years or older, with an overall age range of 64-93 years (Table 1) . Annual household income was generally low, with nearly half of participants having an income below $15,000, although more than half of the participants had at least some college education. Many participants were bilingual, speaking both English (a cohort eligibility criterion) and their Native (tribal) language moderately well to very well. Most participants either never smoked or had limited smoking experience, and most either never used alcohol or had limited alcohol consumption. Obesity, diabetes, and hypertension were generally common. Low-density lipoprotein cholesterol concentration and CKD stage were predominantly within the normal range, but with large variance. Overall, analytical population characteristics were similar to those of the larger CDCAI Study population from which the analytical sample was drawn (27) .
The overall distribution of LTL (T/S ratio) was nearly normal, with a slight rightward skew, although there was some variability along the spectrum of values, probably due to small numbers (see Web Figure 1 , available at https://academic.oup.com/aje). LTL was generally shorter for male, low-income, low-education, alcohol-using, hypertensive, and diabetic participants; LTL was generally longer for dyslipidemic and overweight or obese participants (Table 1) Shorter telomeres corresponded to more extreme MRI findings for each factor (Web Table 1 ).
Box plots of LTL according to WMH, sulcal, and ventricle grade (Figure 1, left column) showed similar trends, with lower LTL ranges among the higher grades. The trends for ventricle and sulcal grades were most evident. Small numbers in the highest grades led to imprecise estimates of the range of LTL. Scatterplots of LTL according to WMH, hippocampus, and total brain volumetric estimates (Figure 1 , right column) repeated the results from correlation tests, with larger mean values and greater variability in WMH volumes corresponding to shorter LTL, but without any evidence of trend for hippocampal or total brain volumes.
Regression models examining independent associations between LTL and MRI findings (Tables 2-4) demonstrated significant associations for ventricle grade (incidence rate ratio = 0.9, 95% confidence interval (CI): 0.8, 0.9; P = 0.003) and WMH volume (risk ratio = 0.9, 95% CI: 0.8, 1.0; P = 0.015).
Results from models 1-3 were not substantively different, although the statistical tests for sulcal grade did not exclude chance as a potential explanation for the associations observed in models with the most adjustments. Interpretation of the direction and magnitude of these associations is as follows: Per unit longer LTL (in units of T/S ratio), ventricle and sulcal grades were 10% lower and WMH volumes were 10% smaller, independently of age, sex, study site, alcohol, smoking, low-density lipoprotein cholesterol, education, income, or body mass index. In more general terms: For each clinical factor, shorter telomeres were associated with more extreme MRI findings.
Models including adjustment and interaction terms for potential effect modifiers revealed some evidence for interaction with stage of kidney disease, but not with diabetes or hypertension ( Table 5 ). Significant P values for the interaction term suggested that white matter grade, infarcts, and brain volume might be mediated by the presence of the most extreme categories of CKDstage 4 (glomerular filtration rate <30 mL/minute) and stage 5, also known as end-stage renal disease (glomerular filtration rate <15 mL/minute). Nevertheless, statistical power was insufficient to conduct stratified analyses by CKD stage, since only 8 participants altogether were characterized as stage 4 or 5.
Because the Southern Plains site showed a steeper decline in LTL with advancing age, secondary analyses were stratified by study site (Web Table 2 ). Findings demonstrated that the primary results for ventricle grade and WMH volume were concentrated among these participants. Newly significant associations were also detected for white matter grade at the Southwest site (incidence rate ratio = 0.76, 95% CI: 0.62, 0.93; P = 0.007), with an interpretation similar to that of the primary models, as discussed above.
DISCUSSION
We conducted cranial MRI in a multiregional sample of elderly American Indians to assess the association of LTL with MRIdefined brain disease. Independent of sociodemographic factors, key health behaviors, and clinical comorbidity, we found a significant association between shorter LTL and the presence of ventricle enlargement and extensive WMH. These results suggest that accelerated cellular aging, as measured by shortened telomeres, may reflect the burden of WMH, white matter disease, and ventricle enlargement, independently of other predictors of brain disease. Morbidity was most extreme among participants whose LTL revealed the steepest declines with advancing age.
Previous studies have also found associations between VBI in older adults and extreme LTL attrition, WMH, and brain atrophy (13, 14) . However, to our knowledge, our findings are the first to define such associations in an understudied minority population with reference to a broad range of MRI findings of VBI and brain atrophy.
Kidney dysfunction might be an effect modifier for these associations. Accounting for interactions between LTL and stage of kidney disease revealed a potential association between LTL and the presence of white matter disease, infarcts, and measures of cerebral atrophy for participants with CKD stages 4 and 5. However, our stratified analyses by stage of CKD had limited statistical power because of small numbers in certain strata. Therefore, Mean Leukocyte Telomere Length 
F). T/S, ratio of telomeric products (T) to single-copy genes (S).
evidence for effect modification should be interpreted with caution. Nevertheless, these preliminary indications call for closer examination of brain aging in the context of CKD and other conditions causing or closely correlating with loss of kidney function.
A key limitation of our study was the cross-sectional nature of data collection, which involved only 1 measure of LTL in 1989-1991 and 1 cranial MRI in 2010-2013. This limitation has 3 important implications. First, we cannot infer a temporal sequence from these data. Nevertheless, VBI or cerebral atrophy is unlikely to be the cause of telomere shortening, although an unknown causal factor might account for both the LTL measurements and the MRI results. Moreover, our findings take the form of prevalence ratios. We cannot interpret these estimates as reflecting associations between LTL and the risk of subsequent VBI, because the baseline examination in 1989-1991 could not detect prevalent subclinical disease. Therefore, we had no way to ensure that participants who might have experienced such disease at baseline were excluded from our analytical sample.
Second, with only a single measure of LTL, we could not differentiate participants who had short telomeres at birth from those who experienced high rates of attrition over their lifetimes. However, this source of measurement error is likely to have been nondifferential and thus to have contributed to the risk of type II error, or the possibility of false-negative findings. In addition, telomeres are rarely measured in newborns, so any clinical implications of cross-sectional telomere measurements in later life will likely be subject to similar inferential limitations. Even if clinicians cannot determine the source of observed LTL shortening, comparisons may still be made with a norm or standard; in such cases, LTL could function as a useful biomarker of premature cellular aging.
Third, the length of time elapsed since the initial LTL measurement might have resulted in survivorship bias. For example, telomeres might have continued to deteriorate after measurement in 1989-1991. If we assume that LTL attrition is causal, participants with shorter LTL in the earlier examination might have experienced more extreme aging-related disease or mortality, ensuring their absence from the participant pool for the present study. This scenario would have differentially removed the most extreme cases, thereby attenuating the discoverability of our results, contributing further to type II error and leading to false-negative findings. In such a case, our current findings would actually be an underestimate. Notably, we had inadequate statistical power to incorporate inverse probability weighting in our analytical models, so we could not establish whether additional MRI findings might be implicated in the observed association with LTL. Research involving a shorter elapsed time between LTL assay and MRI examination would be more conclusive in this respect.
Our findings indicate a potential relationship linking accelerated cellular aging to VBI and central (and possibly cortical) brain atrophy. Whether this association is related to cognitive decline or functional loss remains to be determined. To advance pathological models of aging-related brain disease and its sequelae, future research should examine neurocognitive and functional outcomes in relation to telomere length. Abbreviations: CI, confidence interval; IRR, incidence rate ratio; T/S ratio, ratio of telomeric products (T) to single-copy genes (S). a The degree of white matter intensities, sulcal loss, and ventricle enlargement was graded on a 10-point scale from 0 (best) to 9 (worst). Although LTL is a well-supported marker of cellular aging and inflammatory processes, it is not a proxy for systemic aging. Our results suggest that telomere attrition might reflect more advanced brain pathologies, but additional research is needed to extend our understanding beyond the leukocyte to the potential contribution of allopathic load or the utility of some composite score of chronic disease and aging. By assessing telomere length and perhaps kidney function, such a score might be useful in better prediction of premature aging.
Our sociodemographic data show that American Indians in the CDCAI sample were more likely to report a college education than previous subsets of the Strong Heart Study cohort described in the literature (26) . This outcome might have resulted from some form of selection bias. Perhaps college-educated American Indians were more inclined to consent to genetic testing (a requirement of CDCAI Study participation) than those with lower educational levels; or perhaps more education was correlated with better health and longer life, resulting in a sample of survivors who were better educated than their peers who passed away. However, adjustment for education did not affect our analytical results, so the available evidence does not indicate a major role for education in our findings.
The observed differences in LTL among study sites might have been due to age. The ratios of women to men were similar at all sites, but mean age differed by about 1.5 years across sites, and the Southern Plains site showed a steeper decline in LTL with advancing age than did the Northern Plains site (data not shown). The observed nonlinear associations between LTL and older age (U-shape) and CKD stage and the unexpected directionality of the association with body mass index categories may also reflect some contribution of survival or assay availability selection in this cohort.
SHS participants who survived from study baseline (1989) (1990) (1991) and who also participated in the CDCAI Study (2010-2013) were, on average, 6 years younger and less likely to be male than those who only participated in the SHS baseline examinations (Web Table 3 ). SHS survivors were also slightly more likely to be current alcohol users or to have dyslipidemia and less likely to have diabetes and diabetic nephropathy or hypertension at SHS baseline. Finally, SHS survivors were less likely to have had a stroke between the baseline and CDCAI examinations, but there was no difference in the likelihood of myocardial infarction. This study represents, to our knowledge, the first consideration of potential associations linking telomere length with the presence of WMH and ventricular enlargement in a sample of American Indians. It also offers the first indication that renal function might be an effect modifier for these associations. Our findings can help to clarify the relationship between cell senescence and the risk and severity of brain disease in American Indians, and by extension in other minority populations with a similar burden of risk factors. Directions for future research include examining the interaction of telomere shortening with loss of cognitive and physical function and determining the resulting implications for interventions to prevent premature aging.
